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ABSTRACT. We consider a two dimensional particle diffusing in the presence of
a fast cellular flow confined to a finite domain. If the flow amplitude A is held
fixed, and the number of cells L? — oo, then problem homogenizes, and has
been well studied. Also well studied is the limit when L is fixed, and A — oo.
In this case the solution averages along stream lines. The double limit as both
the flow amplitude A — oo and the number of cells L? — oo was recently
studied [9], one observes a sharp transition between the homogenization and
averaging regimes occurring at A ~ L*. This paper numerically studies a few
theoretically unresolved aspects of this problem when both A and L are large
that were left open in [9] using the numerical method devised in [16]. Our
treatment of the numerical method uses recent developments in the theory of
modified equations for numerical integrators of SDEs [23].

1. INTRODUCTION

A passive tracer diffusing in the presence of a fast cellular flow obeys an SDE of
the form

(1.1) dX = Av(X) dt + dW,.

Here A > 0 is the magnitude of the velocity (more precisely, A is the Péclet number),
and W is a standard (2D) Brownian motion. For simplicity and concreteness, we
assume
(1.2) w(x)=V+tH = <_82H), where H(x1,z2) def 1 sin(27xy) sin(27xs).
81H 2

Classical homogenization results [1,10,15] guarantee that on large time scales the
particle behaves like a Brownian motion, rescaled by an effective diffusion matrix.
That is, for ¢ large, the law of X; is comparable to the law of +/De.gW;, where
D.g, the effective diffusivity, is a constant matrix. The effective diffusivity can be
obtained by solving a cell problem [4,5], and it’s asymptotic behaviour as A — oo is
like v/AcoI, where I is the identity matrix and ¢y > 0 is a constant (see [5,13,22]).

On shorter time scales the flow term is dominant, and a different behaviour
is observed. As A — oo, drift rapidly transports the passive tracer along level
sets of H, and noise slowly diffuses the tracer across level sets. This results in
behaviour that is averaged on level sets (more precisely, on the Reeb graph of
the Hamiltonian), has been extensively studied by [7,12] using the theory of large
deviations, and by [2,19] using PDE methods.
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Recently the transition between the averaged and homogenized behaviour was
studied in [9], by confining the rapidly advected passive tracer confined to a large
domain €. The trajectories of X (confined to ) exhibit qualitatively different
behaviour dependent on the relative size of the Péclet number, A, to the domain
size, L. Theorem 1.3 in [9] shows that when A > L%, trajectories of X exit the
domain immediately after reaches a cell boundary, forcing ‘ballistic’ travel along
separatrices. On the other hand, when A < L*, the expected exit time of X
from 2 is comparable to that of the effective Brownian motion, suggesting that X
exhibits a homogenized behaviour.
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FIGURE 1. Trajectories of three realizations of the diffusion Qﬁ)

The different qualitative behaviour observed in [9] is nicely illustrated in Figureﬂ
For a small Péclet number relative to the number of cells (precisely A = L = 10),
Figure@ shows trajectories of X resembling that of an effective Brownian motion.
For a large Péclet number relative to the number of cells (precisely A = L*5 L =
10), Figure m shows multiple trajectories of X which move ‘ballistically’ along
cell boundaries.

The aim of this paper is to numerically study two open questions that arise in [9].
The first question we study numerically is the critical case A ~ L*. The methods
in [9] address the cases A > L*, and A < L*, however, are unable to address the
situation where A ~ L*. Our numerical simulations (presented in Section@ suggest
that in the critical case A ~ L* the law of the exit time of X appears identical
to the distribution of the effective Brownian motion. Consequently, one is led to
believe that A ~ L* might still be in the homogenization regime. This is of course
not contradictory to [9], because the precise results proved there involve logarithmic
corrections in the relationship between A and L (see Theorem 2.1, below).

Another implication of our numerics is regarding the time scale at which X ho-
mogenizes. Studying trajectories of X, we see that when A = L*, a very small
fraction trajectories travel ‘ballistically’ and exit a domain of size L almost imme-
diately (see [21] for a related anomalous diffusion effect). If we throw away this
ballistic trajectories, then the remainder behave exactly like an effective Brownian
motion. Specifically, in Section [3|we also compare the time these trajectories take
to exit a domain of size L, to the exit time of an effective Brownian motion and
find a remarkable agreement. It is of course well known that X behaves like an
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effective Brownian motion on large time scales. However, the observations above
suggest that for large A, the process X homogenizes on time scales of order 1.

The second question we study numerically is an issue left open in [9] when A <
L*. If we study the expected exit time of X from a disk, then [9, Proposition 1.5]
shows that as A, L — oo, the expected exit time converges to the expected exit
time of an effective Brownian motion from the same disk. However, if we consider
the expected exit time of X from any other domain, then the results in [9] show
that as A, L — oo, the expected exit time is only comparable to the expected exit
time of an effective Brownian motion, as A, L — oco. The failure to obtain an exact
limit is a non-trivial obstruction stemming from extraneous terms in the asymptotic
expansion. Our numerical simulations (presented in Section M) suggest that despite
theoretical limitations, the expected exit time of X from a square is exactly the
expected exit time of the effective Brownian motion.

Finally, we remark on the numerical method used for our simulations. Equa-
tion is stiff, and when A is large the standard Euler-Maruyama method re-
quires a time step which is too small to be practically useful. We instead use the
method developed in [16]. We conclude the paper, with a description of the nu-
merical method and a new, simpler, analysis of it based on [23], which extends the
theory of modified equations [20] to more general numerical integrators than the
Euler-Maruyama method.

1.1. Plan of this paper. In Section E, we state a few results from [9], and provide
a brief heuristic explanation. In Section|3 we present our numerical results in the
critical regime A ~ L*. In Section m we describe the issues in the homogenization
regime A < L*, that could not be addressed by the methods in [9], and present
our numerical results. Finally, we conclude the paper with a description of the
numerical method we used to perform our simulations.

2. THE HOMOGENIZATION AND AVERAGING REGIMES

We devote this section to stating the results from [9] concerning the homoge-
nization and averaging regimes. Let 7 be the exit time of X (defined in (1.1)) from
the domain Q, and let 7(z) L Bor denote the expectation of 7. It is well known
(see for instance [14]) that the expected exit time from the domain 2 satisfies the
Poisson problem

! AT+Av-V7=1 inQ
o (Fareanrot o
7=0 on 0f,

The results in [9] concern the limit of 7 and the principal eigenvalue of the operator
—A+ Av-V, as both the Péclet number and the size of the domain €2 go to infinity.
We result for the expected exit time (stated below) shows that the limit of 7 is
either that of the homogenized equations, or that of the averaged equations with a
sharp transition at A ~ L*.

Theorem 2.1 ([9]). Let Q = (—L/2,L/2)? be a square of side length L, and
T =Ta,L be the solution to Qﬂ)
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(a) Suppose L — oo, and A = A(L) varies so that A ~ L*=%, for some a € (0,4).
There exists a constant C = C(«) > 0, independent of A and L, such that
1 L2 _ L? L

6ﬁ7—(x) < C’ﬁ, whenever |z < (1 — 5)5

Consequently as L — oo, we have T — oo uniformly on compact sets.
(b) On the other hand, suppose A — oo, and L = L(A) varies so that A > L*
(more precisely, we need /A/(L*log Alog L) — co). There exists a constant
C > 0, independent of A and L, such that
L2
2.3 7(x)? < C—==log Alog L, whenever H(z) = 0.
2:3) (@) < O log Alog @
Consequently, if H(x) = 0, then 7(z) = 0 as A — o0, and 7| 1 (p) is
bounded uniformly in A.

(2.2)

A heuristic explanation for the result in Theorem 2.1 can be obtained as follows.
First if A is much smaller than L (for instance, if A is fixed and L — o0), then
we expect homogenization to work. Thus, X; ~ \/Deg W, and so we expect T ~
L?/Degr & L*/V/A away from 0, which is exactly the content of (2.2).

Next if A is much larger than L (for instance, if A — oo and L is fixed), then
we expect X to behave like a diffusion averaged on level sets of H. Since both the
boundary of the big domain 2, and the boundary of every cell are on the same level
set of H, we expect the diffusion X to exit immediately from cell boundaries. This
is exactly equation @)7 when X starts on cell boundaries.

The above argument also provides a intuitive explanation of why the transition
should occur at A ~ L*. To see this, we first observe (2.3) and a standard argument
(see for instance [7,19]) will quickly show that the time X takes to exit the big
domain 2 is comparable to the time the level set averaged diffusion takes takes
to exit one cell. Consequently, 7 = O(1) on cell interiors. Now one would expect
that the transition between the homogenized and averaged regimes occurs when the
homogenized expected exit time L?/D.g is comparable to the averaged expected
exit time O(1). Since Deg =~ /A, we expect the transition to occur when L? ~ v/A,
as seen in Theorem

3. NUMERICAL RESULTS IN THE CRITICAL REGIME.

In this section we present our results for the exit time in the critical regime. We
begin with Figure|2, a plot of 7(L/2, L/2) vs L for values of L ranging from 10 to 80,
with A = L* and the domain € to be a square of side length L (left) or a circle
of diameter L (right). The graph was computed using a Monte-Carlo simulation
using 10,000 realizations. The numerical method used is based on [16,17], and is
described in Section [5!

To see that the mean exit time agrees with that of the homogenized process, we
recall that the asymptotic behaviour of the effective diffusion matrix is

Dot = Desi(A) 2f Jim w ~ coVAI,

t—o0
and we numerically compute ¢y ~ 0.6056. Now, the expected exit time of the
homogenized process v/ Deg W from the center of a circle of diameter L = Al/4
can be (analytically) computed to be 1/(8¢cp) ~ 0.2064, which agrees well with
Figure W For the square of side length L, a numerical simulation shows the
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FIGURE 2. Expected exit time of X for different values of L, and
A=L"

expected exit time of /Deg W from the center is 0.1473/co & 0.2433, which agrees
well with Figure W.

We now fix L = 40, A = L* and consider the exit time 7 of the process X
from the center of a square of side length L, and a circle of diameter L. We
know that with small probability, some trajectories of X will travel ballistically
along separatrices and exit the domain very quickly. To account for this, we ignore
all trajectories of X that exit the domain in time less than a small time threshold
(roughly 0.03 seconds). For the remaining trajectories, we compare the distribution
T to Ter, the exit time of the effective Brownian motion v/ DegW . Our results show
the distributions are almost identical, and are illustrated in Figure 3. Specifically,
Figure@ shows the cumulative distribution functions of 7 and 7. from a square
of side length 40, and Figure m shows the cumulative distribution functions of 7
and Teg from a circle of diameter 40.
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(a) Square of side length 40 (b) Circle of diameter 40

F1GURE 3. CDF for 7 compared with the CDF of the exit time of
the effective Brownian motion.
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4. NUMERICAL RESULTS IN THE HOMOGENIZATION REGIME

A fundamental question left unresolved by [9] is about the asymptotic profile of
7 in any domain which is not a disk. This roughly translates to the question of
whether ‘homogenization works’ when the asymptotic profile is not quadratic. We
explain the theoretical obstruction, and our numerical findings in this section.

The proof of Theorem ﬂ in the homogenization regime (i.e. A < L*) uses an
asymptotic expansion. To carry this out, we rescale the domain to a square of
side length 1 which we denote by €. Let ¢ = 1/L, and ¢ = 74, be the rescaled
function defined by &(z) = £27(z/¢). Then, & satisfies the equation

1, _ A x _ . def 2
(4.1) {—2A0—|—Ev (g) -Va=1 in; = (0,1)%,
=0 on 8917

Now consider a multi-scale expansion of an approximate solution & up to two
terms

5(z) = ao(z) +eo1(z,y) + 202(2, y), where y = L is the ‘fast’ variable.
5

The usual practice in homogenization [1,15] is to choose oy to be a solution of
the effective problem, and then choose 01,05 to be periodic, mean zero in the fast
variable and satisfy equations that balance the O(e) and O(1) terms respectively.

While this works perfectly well for A fixed, the proofs in [9] will only work in an
exceptional situation if A — oo. To elaborate on this, choosing o1, o9 as described
above, we will obtain

1. A /x -
—5AF+ S (g) V& = —A (00 + 01 +203) +
A(v-Vy01) — 26V, - Vyoo +cAv - V09,

where (-) denotes the average with respect to the fast variable. When A is fixed,
all terms with an ¢ are harmless, and the term A(v - V,01) can be computed
explicitly [5,13]. When we additionally have A — oo, the presence of the term e Av-
V.09 is catastrophic! Fortunately this term identically vanishes, in the exceptional
situation that o is quadratic. It is this exceptional situation that [9] heavily exploits
in the proof.

Observe that if one replaces €, with B(0,1) in (4.1), then oy must be quadratic
(explicitly, og = m(l — |z[?), where Deg(A) is the effective diffusivity ma-
trix). In this case, the result in @) can be considerably improved. For convenience,
we state the improved result in rescaled coordinates.

Theorem 4.1 ([9]). Suppose ¢’ is the solution to (4.1) on B(0,1), the disk of
radius 1. Suppose for some a > 0, A = O(1/e*=%) as ¢ — 0. Then there exists
¢ = c(a) > 0, independent of A,e such that for all € sufficiently small,

_ €
(4.2) lo = ooll e < g
where oo = 0(A) is the solution of the effective problem
—V - D.g(A)Voy =1 in B(0,1) and o0=0 on dB(0,1).
Observe that Deg(A) = O(v/A), and hence oy = O(1/v/A) — 0; however the
right hand side of (4.2) is e/A'/* = o(1/V/A) by assumption. This means that the
limiting profile of v/ A7 is exactly v/ Aoy, which is finite and non-zero in the interior
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of B(0,1). On the other hand, equation (2.2) provides only upper and lower bounds
for the limiting profile of &.

We numerically confirm that (@ is valid in a situation where o is not quadratic.
For this, we return to studying the (rescaled) expected exit time & on €y, the square
of side length 1. Figure m shows a slices of the graphs of ¢ and oy along the
diagonal of the square €. Figure 4(b) shows slices of the graphs of & and ¢ along
a horizontal line through the center. Figures W and’m show the same slices on
a 1.5 x 2.5 rectangle, instead of the square 2;. We observe a remarkable agreement
between & and 7, suggesting that is valid for general oy, despite apparent
theoretical obstacles arising from the catastrophic e Av - Vo9 term.
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FIGURE 4. Slices of the graphs of & and ¢ in a square (top) and
rectangle (bottom).

5. NUMERICAL METHOD

We conclude this paper with a description of the numerical method used for
our simulations. As mentioned earlier, the Euler-Maruyama is not suitable for our
purposes, and the method we use is that in [16]. We describe the method here, and
present a simplified analysis of it based on the theory of modified equations.
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We first rescale time by a factor of 1/A, and consider the process Y; def Xi/a-
With this change, SDE 1} becomes

1
VA
where W/ = VAW, /A is a new Brownian motion.

Observe that for large A, the SDE @) is a small random perturbation of the
Hamiltonian system

(5.1) dY; = v(Y;) dt + —— dW},

dy
2 oY

dt U( )?

with Hamiltonian H (see equation (1.2)). So it is natural to look for numerical
schemes which respect features of the underlying deterministic dynamics [8]. The

scheme we use is based on the (deterministic) scheme in [17].
Define d;, e; by

o an () a=(): w=n () amne(l)

and observe

(5.2)

2
v= ZU“ where v;(x) = d;g({e;, x)), and g(z) = sin(x).
i=1
Here (-,-) denotes the standard inner product on R2.
The main idea behind the scheme in [17] is that each constituent vector field v; is
divergence free, and can be explicitly integrated. Namely, in view of the identities,

<di;€i> = <d“d]> = <€i;€j> =0, for i, ] € {1,2}, with ¢ #],
we see

(5.4) Zi(2) = vilZu(z)) — Zy(z) = z + td;g({es, 2)).

& Zy(z) ==
In view of @), using the Euler method to integrate each constituent field v; will
give an explicit, volume preserving, numerical integrator for v. Of course, volume
preserving integrators cannot also preserve the Hamiltonian unless they coincide
with the exact flow [3]. However, this numerical method preserves a modified
Hamiltonian (discussed later), preventing it from “spiraling outward”, which is
usually the difficulty encountered when the Euler method is used to integrate 45—2D
over long time intervals.

In the stochastic setting, we choose a sequence of independent random variables
(&) so that each &, is a two dimensional normally distributed random variable
with mean 0 and covariance matrix I. Let At > 0 be the time step, and y € R? be
the initial condition. We define Y, an approximation to the solution of 6571) at
time n At, by

Z¢ =Y" + Atdig((Y",e1)), 25 = Z7 + Atdag((Z7, €2))

(5.5) 1/2
Yy = Z; T (it) &ns

with Y0 = y. It quickly follows from (5.4) that the map y — Y™ is (surely) volume
preserving for all n. Thus (5.5) gives us a volume preserving numerical scheme
for Qﬂ), whose inviscid counterpart does not spiral outward!
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5.1. A analysis of the method using modified equations. A simple analysis
of the qualitative features of our numerical scheme can be obtained using the theory
of modified equations for SDEs [20,23]. In particular, assume that equation (5.1) is
solved by a first order weak method, as for example the stochastic splitting method
(5.5). Then one looks for coefficients u1(x), o1(x), such that approximates

1
VA

to second weak order. The coefficients uy, 01 can calculated following [20], when
the numerical method used is the Euler-Maruyama method. For more complicated
numerical integrators a more general framework is developed in [23].

The underlying idea for calculating these coefficients is that u;,o; should be
chosen such that the ‘modified’ local error between the numerical method and the
solution of @) should be one order higher than the ‘original’ local error between
the numerical method and the solution of (5.1). This is primarily accomplished
using weak stochastic Taylor expansions [18|. In our situation, u; and o1 can be
calculated using equation (3.9) in [23], which shows that (5.5) approximates

(5.7) dY, = VY H(Y;) dt + L <I - A;vv(yt)> dW;

VA

weakly to second order. Here v is our velocity field from (1.2), and H is the modified
Hamiltonian defined by

(5.6) 4% = [u(Y5) + Atua (¥)]dt + | + Aten (1) | v

~ 212 At
(5.8) A= H(z) <1 + = > + AtH, (z),
where
1
(5.9) Hy(z1,x) = T6n2 (cosdmzy — cosdmmry).

Observe that the modified equation 4577 ) is a random perturbation of a two di-
mensional Hamiltonian flow with a cellular Hamiltonian H. It is easy to see that as
long as At = o(1), solutions to @) approximate solutions to . Consequently,
this means our method will integrates (1.1) on the time interval [0,1] in roughly
A steps. The Euler-Maruyama method, in contrast, will require roughly A? steps.
Finally, we remark that when comparing the modified equation 4577 ) with the one
that one gets from the deterministic analysis [8], the only extra term that appears

in H is #H , which accounts for the presence of noise in the problem.
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